The induced pluripotent stem (iPS) cell field promises a new era for in vitro disease modeling. However, identifying innate cellular pathologies, particularly for age-related neurodegenerative * Correspondence to: Dr Susan Lindquist, lindquist_admin@wi.mit.edu.
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Figures S1-S10 Table S1 References (29) (30) (31) (32) (33) (34) (35) (36) (37) (38) (39) (40) [Note: The numbers refer to any additional references cited only within the Supplementary Materials] Author contributions: CYC, VK and SL conceptualized the study, designed the experiments, and wrote the paper. VK developed the human IPS cell-derived cortical synucleinopathy model, assisted by YL. Pluripotent cell lines, advice on experimental design or technical expertise were provided by FS, JRM, JM, MM and RJ. FS reprogrammed the WIBR-IPS-SYN TRPL line from fibroblasts provided by BS. CYC developed the rat cortical synucleinopathy model, assisted by LB. The mKate2-tagged constructs were generated by YF. CYC and VK performed all experiments except: fig. 1D diseases, has been challenging. Here, we exploited mutation correction of iPS cells and conserved proteotoxic mechanisms from yeast to human to discover and reverse phenotypic responses to α-Synuclein (αSyn), a key protein involved in Parkinson's disease (PD). We generated cortical neurons from iPS cells of patients harboring αSyn mutations, who are at high risk of developing PD dementia. Genetic modifiers from unbiased screens in a yeast model of αSyn toxicity led to identification of early pathogenic phenotypes in patient neurons. These included nitrosative stress, accumulation of ER-associated degradation (ERAD) substrates and ER stress. A small molecule identified in a yeast screen, and the ubiquitin ligase Nedd4 it activates, reversed pathologic phenotypes in these neurons.
Neurodegenerative dementias are devastating and incurable diseases for which we desperately need tractable cellular models to investigate pathologies and discover therapeutics. Parkinson disease dementia (PDD) is a major debilitating non-motor manifestation of Parkinson's disease, affecting as many as 80% of patients (1) . The best pathologic correlate of PDD is neuron loss and pathologic aggregation of αSyn within deep layers of the cerebral cortex (1). Contursi kindred patients, who harbor an autosomal dominant and highly penetrant A53T mutation in αSyn, manifest prominent PD and dementia (2, 3) . iPS cells from a female member of this kindred (Table S1 ) have recently been mutation-corrected to control for genetic background effects (4) . To establish a model for cortical synucleinopathy, we differentiated two pairs of subclones from these lines (fig. S1) into cortical neurons ( fig. S2 and S3 ). It has been difficult to establish neurodegenerative phenotypes in iPS cell-derived neurons that can be solely attributable to disease-causing genetic mutations. Previous studies accelerated degenerative phenotypes with toxins such as oxidative stressors (6) (7) (8) . In addition, inconsistent differentiation precludes these cells from being used in highthroughput screening. To address these problems, we turned to a yeast platform in which αSyn-expression results in toxicity (9, 10) and disease-relevant phenotypes, including focal accumulation of αSyn, mitochondrial dysfunction, αSyn-mediated vesicle trafficking defects, links to genetic and environmental risk factors, and sensitivity to αSyn dosage (9) (10) (11) (12) . We reasoned that unbiased genetic analysis in this system could guide discovery of innate pathologic phenotypes.
Previous unbiased yeast genetic screens, encompassing 85% of the yeast proteome, identified robust modifiers of αSyn toxicity (9, 12) . We first tested Fzf1, a transcriptional regulator of nitrosative stress responses (13) that suppressed αSyn toxicity in yeast ( fig. 1A ). Nitrosative stress is caused by nitric oxide (NO) and related redox forms. Though it is not known if there is a direct causal connection between nitrosative stress and αSyn toxicity, the nitration of tyrosine residues is increased in postmortem brain from synucleinopathy patients (14, 15) .
To determine if nitrative damage occurs to yeast proteins in direct response to αSyn, we took advantage of an antibody to nitrotyrosine. In yeast, this antibody exhibited minimal background in control strains, allowing us to detect intense protein nitration that was tightly dependent on αSyn dosage ( fig. 1B) . Importantly, nitration was a highly specific response to αSyn toxicity and was not observed with other neurodegenerative disease proteins expressed at equally toxic levels, including Abeta peptide, TDP-43, polyQ-expanded huntingtin and Fus ( fig. 1B ).
Fzf1 expression strongly decreased protein nitration induced by αSyn ( fig. 1C) . Next, we asked if αSyn toxicity could be tuned by altering the production of NO. In yeast, NO levels are regulated by switching between distinct isoforms of mitochondrial cytochrome c oxidase (COX5): deletion of COX5A increases NO; deletion of COX5B decreases it (16) . Indeed, these manipulations increased and decreased nitrotyrosine levels in response to αSyn ( fig.  1D ). Toxicity increased and decreased commensurately ( fig. 1E ). Thus, in yeast, nitrosative stress is not simply a consequence of αSyn toxicity, but contributes to toxicity.
To investigate a connection between αSyn and nitrosative stress in neurons we employed FL2, a copper and fluorescein-based NO sensor (17) . We optimized the use of FL2 with rat primary cortical cultures ( fig. S4) , a neuronal syucleinopathy model. αSyn overexpression increased the FL2 signal, with a perinuclear distribution in the cell body ( fig. 2A ) that partially co-localized with the endoplasmic reticulum (ER; fig. 2B ). High density of processes and mixed cell types hindered intensity measurements outside well-defined neuronal cell bodies.
Having optimized the FL2 assay in rat neurons, we turned to our Parkinson patient-derived cortical neurons at 8 weeks of differentiation. Two isogenic pairs of A53T and mutationcorrected neurons were differentiated in parallel and labeled with synapsin-RFP (see fig.  S2G ). Intraneuronal FL2 signals increased in A53T neurons relative to corrected neurons, again most readily visualized in the cell body. As in rodent neurons, there was partial colocalization of this signal with an ER marker ( fig. 2C ). Cytoplasmic nitrotyrosine staining also accumulated in mutant neurons compared to corrected neurons ( fig. 2D) . Similarly, cytoplasmic nitrotyrosine staining was prominent in neurons and neuropil of post-mortem frontal cortex from another subject in the same kindred (18), but not in control brain (fig.  2E ).
The yeast synucleinopathy model exhibits ER stress, ER-associated degradation (ERAD) substrate accumulation and defective trafficking from the ER to Golgi (12) . ER stress has also been described in a mouse syucleinopathy model (19) . Because NO was visualized in the vicinity of the ER in neurons ( fig. 2) , we asked whether modulating NO levels modulates ER stress. Indeed, manipulating COX5 isoforms, to increase and decrease NO levels, commensurately altered the unfolded protein response ( fig. S5A ) and the ER accumulation of carboxypeptidase Y (CPY; S5B), a well-characterized ERAD substrate that traffics between the ER and vacuole (12) . This required the presence of αSyn ( fig. S5) , implying a connection between nitrosative and ER stress in the context of αSyn toxicity. Correspondingly, two hallmarks of ER stress -PDI (protein disulfide isomerase) and BIP (binding immunoglobulin protein) -increased at 12 weeks of differentiation in the A53T neurons compared to corrected cells. Levels of CHOP (CCAAT enhancer-binding protein homologous protein), a component of ER stress-induced apoptosis, did not change, indicating cellular pathology was still at an early-stage ( fig S5C) .
Next, we assessed the accumulation and trafficking of three ERAD substrates implicated in neurodegeneration: Glucocerebrosidase (GCase), Neuroserpin and Nicastrin (20) . GCase mutations are common risk factors for PD and confer risk for cognitive impairment in this disease (21) . GCase accumulates in the ER of cultured cells over-expressing αSyn (22) . ER forms of GCase and Nicastrin accumulated, and the ratio of post ER/ER forms declined in A53T compared to mutation-corrected patient neurons starting at four weeks ( fig. 3, A fig. S6 , A to C). Levels of neuron-specific markers were unaffected ( fig. 3C and fig.  S6C ). These findings were consistent in multiple rounds of differentiation, robust to distinct differentiation protocols ( fig. S6C ). Phenotypes were not present in the undifferentiated iPS cell lines ( fig. S6D) . Thus, ERAD dysfunction is an early and progressive cellular phenotype in response to mutated α-Syn in patient neurons.
The increase in the ER form of GCase, and the decrease in the post-ER to ER ratio, was recapitulated in the brain of an A53T patient ( fig. 3C and fig. S7B ). Cortex from sporadic PD samples exhibited the same trend ( fig. S7 ). We also analyzed cortical neurons generated from the iPS cells of a male patient of the "Iowa kindred". This patient harbored a triplication of the wild-type αSyn gene and manifested aggressive dementia in addition to parkinsonism (Table S1 ). Aged cortical neurons generated from a male human embryonic stem cell line BG01(23) served as a control. ERAD substrates accumulated ( fig. 3A and fig.  S6B ) and ER stress increased ( fig. S5C ) in neurons from this patient, closely phenocopying A53T cells.
Another suppressor of αSyn toxicity recovered in the yeast screen was Hrd1 (fig. 3D , left) (9). Hrd1 is a highly conserved E3 ubiquitin ligase (Synoviolin-1 or Syvn1 in humans) that plays a critical role in ERAD from yeast to human. In primary rat cortical neurons lentiviral expression of Syvn1 rescued αSyn toxicity in a dose-dependent manner ( fig. 3D, right) . Syvn1 also reduced nicastrin and GCase accumulation in the ER of the A53T patient cortical neurons ( fig. 3E ).
Next, we tested the ability of NAB2 (24) to rescue the pathological phenotypes we discovered here in both yeast cells and PD neurons. NAB2, an N-arylbenzimidazole, was recovered in a yeast screen of more than 180,000 small molecules and rescues αSyn toxicity in yeast by activating the Rsp5/Nedd4 pathway (24) . This protein is another highly conserved ubiquitin ligase, and plays a key role in regulating vesicle trafficking (25, 26) . NAB2 reduced protein nitration in the yeast syucleinopathy model ( fig. 4A ) and decreased NO levels in A53T patient neurons ( fig. 4B) . Moreover, NAB2 reduced the accumulation of immature ER forms of CPY in yeast ( fig. 4A) . It increased the post-ER forms, and decreased the immature forms, of Nicastrin and GCase in PD patient neurons ( fig. 4C and fig. S8 ). Furthermore, NAB2 analogs that were inactive in yeast (24) were also inactive in human neurons ( fig. S9 ). Connecting NAB2 back to the ubiquitin ligase, we used a lentivirus to overexpress Nedd4. This phenocopied the effects of the compound, increasing the mature forms of Nicastrin and GCase (fig. 4D ).
Conserved biology in a cross-species cellular discovery platform, as described here enabled the discovery of innate pathologic phenotypes in neurons derived from patients with PD. It also enabled the identification of genes and small molecules that reverted these phenotypes (24) (fig. S10) . A similar approach might be useful in the study of other PD-relevant phenotypes identified in yeast, including mitochondrial dysfunction and perturbed metal ion homeostasis (9, 11) . The existence of other yeast models of neurodegenerative diseases suggest that this approach will be generalizable to other diseases (11, 27, 28) .
Supplementary Material
Refer to Web version on PubMed Central for supplementary material. Nitrosative stress is implicated in rat and human iPS neuron synucleinopathy models, and in the brain of a patient harboring the A53T αSyn mutation. (A) Primary rat cortical cultures were infected with AAV2 mKate2 or A53T αSyn-mKate2 (synapsin promoter). Cells were loaded with FL2 and live-imaged using a confocal microscope (neuronal soma: perforated circle). Perinuclear FL2 signal partially co-localized with ER tracker in rat neurons. (B-C) Increased NO (FL2) and 3-nitrotyrosine (3-NT) levels in human αSyn A53T iPS neurons at 8 weeks. For the FL2 experiment (B), neural progenitors were transduced with lentivirus-RFP (synapsin promoter) to mark neurons. (D) Postmortem frontal cortex from a patient harboring A53T mutation exhibited increased 3-NT immunoreactivity. All data represented as mean ± SEM, *; p<0.05, ***; p<0.001, two tail t-test. Synoviolin reduced accumulation of ER forms of GCase and Nicastrin in αSyn A53T iPS cortical neurons at 8-12 weeks. Baseline PD levels were equated to % control established in fig. 3 to depict biological significance of the change. All data represented as mean ± SEM, *; p<0.05, **; p<0.01; ***; p<0.001). increasing mature forms of GCase and Nicastrin. Baseline PD levels were equated to %control established in fig. 3 . All data represented as mean ± SEM (*; p<0.05, **; p<0.01, ***; p<0.001, two tail t-test compared to control condition).
